I N T R O D U C T I O N
Ethanol has been reported to induce a number of morphological changes in fungi. These changes range from the production of rhizomorphs, instead of mycelia, in Armillaria mellea (Weinhold, 1963) , germination of macrospores of Fusarium solani (Cochrane et al., 1963; Paz et al., 1984) , formation of Saccharomyces cerevisiae ascospores (Miller & Halpern, ! 956) , branching of germ tubes of Peronospora parasitica (McMeekin, 1981) and germ tube formation by Aureobasidium pullulans (Sevilla et al., 1983) and Candida tropicalis (Tani et a/., 1979) . There has been only one previous report of Candida albicans forming germ tubes when the growth medium was supplemented with ethanol (Reynouard et al., 1979) . However, filamentation did not appear until the tenth day of exposure, at which time germ tubes were also reported in the control sample. Land et al. (1975) found ethanol could not replace glucose in a proline/glucose germ tube induction medium. Chiew et al. (1982) reported that 4% ethanol inhibited germ tube formation, while Bell & Chaffin (1983) reported that growth in medium containing even 0.1 %ethanol as the carbon source, before induction by the medium of Lee et al. (1975) , inhibited germ tube formation in C. albicans.
Previous findings that certain L-amino acids such as proline, glutamine and arginine or amino sugars such as N-acetylglucosamine (GlcNAc) (Odds, 1979) or 'gratuituous' inducers such as Nacetylmannosamine or GlcNAc coupled to agarose (Sullivan & Shepherd, 1982; seemed to indicate that the action of an amino-or imino-containing compound
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was necessary for induction of germ tubes in C . albicans. We have reported (Pollack & Hashimoto, 1984) that millimolar concentrations of ethanol, initially identified as a minor contaminant of some commercial buffer preparations, are capable of inducing germ tube formation in C. albicans. This implies that not only does the inducer not have to be an amino-or imino-containing compound, but also that competent C. albicans cells do not require any exogenous nitrogen sources for initiating germ tube formation. In previous reports of maltose or starch inducing germ tube formation, the effect was observed only in the presence of (NH&S04 (Shepherd & Sullivan, 1976) or neopeptone (Chattaway et al., 1968) . Because of the potential usefulness of this system in investigating nitrogen turnover associated with the early phase of dimorphic conversion, we have further examined the conditions that critically affect ethanolinduced germ tube formation in C. albicans.
M E T H O D S
Organism. A clinically isolated strain of C. albicans (ATCC 58716, serotype A, formerly LUMC 101) was used. This strain was previously shown to form germ tubes when induced by ethanol (Pollack & Hashimoto, 1984) . In some instances C. ulbicuns ATCC 10261 was also used for comparison. Cells were maintained on Sabouraud dextrose agar (Difco) at 20 "C.
Preparation of' yeast phase cells. Yeast phase cells grown on Sabouraud dextrose agar for 24 h at 37 "C were collected and washed with glass distilled, deionized water 10 times by vacuum filtration on a Millipore filter (0.45 pm pore size) using a Millipore filtration apparatus. To ensure complete washing, the cells were resuspended in the water by repeated suction and forcible ejection through a Pasteur pipette between each washing. The washed cells were then resuspended in distilled water and used for inoculating the induction solution.
tnduction of' germ tube jimzution. C. albicans yeast phase cells (2.5 to 7.5 x lo5 cellsml-I, determined turbidimetrically, final concentration) were inoculated into a buffered salts solution containing the following (mgl-'): FeSO,, 0.1; KCl, 400; MgS0,.7Hz0, 200; NaH2P0,.H20, 125; NaC1, 6400; and NaHCO,, 750. Unless otherwise indicated, Tris/nialeate buffer (Sigma; 0.05 M, pH 5.75) was used. The absence of ethanol from the buffer was confirmed by gas chromatography (Perkin-Elmer gas chromatograph, model 91 O), as previously described (Pollack & Hashimoto, 1984) . Unless otherwise indicated, the ethanol concentration added to the buffered salts solution was 0.1 : ( (v/v; 17.1 mM). Dulbecco's Modified Eagle Medium (DMEM; Gibco) was used for induction in some experiments for comparative purposes after adjusting the pH value to 5.75 by dropwise addition of 0.1 M-HCI, followed by vigorous shaking to remove C02. The cells were incubated in the induction solution (final volume 0.5 ml) for 4 h at 37 "C.
The extent of hyphal (germ tube) formation was routinely determined by counting 100 to 200 cells in each sample under a phase-contrast microscope. Germ tube length was measured with a calibrated eyepiece micrometer. Photomicrographs were taken with a Nikon M-35s camera attached to the microscope, using panchromatic film (Plus-X; Eastman Kodak).
Oxygen requirement fur induction of'germ tubes. To determine whether oxygen was required for germ tube formation in C. albicans cells induced by ethanol, a GasPak anaerobic system (BBL) was used. To ensure that the cells were not inoculated into the induction solution before highly anaerobic conditions had been attained, the cell suspension was kept in a side arm attached to the test tube containing the induction solution. The tube was then secured in a rack placed in a GasPak anaerobic jar (BBL) which was then activated. After attainment of highly anaerobic conditions in the jar the cells in the side arm were allowed to mix with the induction medium and incubated at 37 "C for 4 h.
R E S U L T S

Induction oj'germ tubes by ethanol
When 24-h-old yeast cells of C. albicans were incubated in buffered salts solution containing 17.1 mM-ethanol at 37 "C, 70 to 80% of the inoculated cells formed germ tubes in 4 h ( Table 1) . Virtually no cells formed germ tubes in the absence of ethanol. All germ tubes formed in response to ethanol induction appeared somewhat thinner than those produced in rich media such as serum or DMEM (Fig. 1) . The presence of bicarbonate in the incubation medium was essential for ethanol to induce these cells to form germ tubes (Table 1) . Other common salts of magnesium, manganese, calcium, iron and sodium were not required for germ tube formation.
Although most experiments reported in this paper were done using Tris/maleate buffer, similar results were obtained when Tris/maleate was replaced by other common buffers such as sodium phosphate, citrate/phosphate, succinate, t-aconitate, HEPES, MES, MOPS and PIPES.
Ethanol induction ofgerm tubes in C. albicans 3305 Under all conditions tested, ethanol did not induce germ tube formation in 100% of cells. However, essentially all of the cells formed germ tubes when incubated in rich media such as DMEM (Table 1) . Ethanol-induced germ tube formation in C. albicans was not limited to strain ATCC 58716: approximately 80% of C. albicans ATCC 10261 also formed germ tubes when induced by 0.1 % ethanol under similar conditions.
Optimal conditions for ethanol-induced germ tube formation
The induction of germ tubes in C. albicans by ethanol was critically affected by a number of parameters. Optimal germ tube formation (approximately 80%) occurred at the lowest concentration of cells tested (4 x lo5 cells ml-l), The percentage of cells forming germ tubes decreased proportionately as the cell concentration increased, so that almost no cells formed germ tubes when the cell concentration was greater than 4.5 x 106cellsml-'. The optimal temperature for germ tube formation was 37°C; however, approximately 20% of the cells formed germ tubes at either 29 "C or 42 "C. No cells formed germ tubes below 28 "C or above 
Kinetics oj' ethanol-induced germ tube formation
Discernible germ tubes first appeared approximately 45 to 60 min after exposure to ethanol. The initial rate of germ tube formation induced by ethanol was slightly slower than that induced by DMEM. The maximum percentage of cells forming germ tubes was attained by 2 h with either ethanol or DMEM (Fig. 2) .
The germ tube lengths for ethanol-induced cells drastically decreased as the pH of the medium was increased above 6.0. At pH 5.75 the longest germ tubes were approximately 30 km long, the mean length being about 11 pm after 6 h. However, at pH 7.2 the longest germ tubes were only 10 to 12 pm long, the mean being only 4 pm after 6 h. There were no significant differences in the mean germ tube length when the concentration of ethanol was increased from 0.001 % (0.17 mM) to 1.0% (171 mM) (data not shown).
Other compounds capabie of hyphai induction
Of all the alcohols tested only 1-propanol, 2-propanol and 1-butanol were capable of inducing germ tubes. None of these alcohols was able to induce as high a percentage of cells to form germ tubes as ethanol (Table 2) . Methanol, 2-butanol, 3-butanol, 1-pentanol, 2-pentanol, phenylethyl alcohol, acetone, methylethyl ketone, dimethyl sulphoxide, polyethylene glycol 400 and 6000, Triton-X 100 and acetaldehyde could not induce germ tube formation in strain ATCC 58716 of C. aibicans. However, 0.1 % acetic acid was also capable of inducing 50% of the cells to form germ tubes. Alcohol dehydrogenase involvement in ethanol-induced germ tube formation To determine whether metabolism of ethanol by alcohol dehydrogenase (ADH) is necessary for germ tube formation, we tested the effect of adding allyl alcohol and pyrazole, an inhibitor of yeast ADH (Reynier, 1969) . Allyl alcohol is converted to the lethal compound acrolein, in the presence of ADH. However, the conversion of allyl alcohol to acrolein is inhibited by pyrazole, allowing the cells to grow (Paz et al., 1984) . Allyl alcohol (0.05 mM to 50 mM) and pyrazole (0.5 mM to 50 mM) were added to the induction solution (0.625 ml, final volume) containing either ethanol (0.1 %) or GlcNAc (4 mM) as the inducer. The percentage of cells forming germ tubes was assessed after 6 h.
The ability of pyrazole to inhibit the lethal action of allyl alcohol could be demonstrated only if C. albicans was induced to form germ tubes by GlcNAc. This ability was dependent on the concentration of both pyrazole and allyl alcohol (Table 3) . As the concentration of allyl alcohol in the induction solution was increased, a similar increase in the concentration of pyrazole was required to overcome the lethal effects. In all instances where a lethal concentration of allyl alcohol (0.5 mM) was added, ethanol could not induce germ tube formation regardless of the concentration of pyrazole. Indeed pyrazole itself was inhibitory to ethanol-induced, but not to GlcNAc-induced germ tube formation, at a concentration greater than 5 mM. However, pyrazole alone, at 1 mM, a concentration sufficient to overcome the lethal effects of 0.5 mM-ally1 alcohol in the GlcNAc-inducing system, did not significantly affect the germ tube-inducing capacity of ethanol. Thus, while germ tube induction by ethanol may be possible even when ADH is inhibited, these results are not conclusive.
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One of the most perplexing aspects of germ tube induction by ethanol is that, under the optimal conditions found, ethanol can induce at most 85% of the cells to form germ tubes. On the other hand GlcNAc, L-proline or DMEM consistently induce essentially all of the cells to form germ tubes. This effect may be due to each cell in the population being required to arrive at some critical point in the cell cycle in order for hyphal formation to ensue. Although a number of investigators have shown that under given conditions cells from all growth phases are capable of being induced (Mattia & Cassone, 1979; Ahrens et al., 1983; Soll & Herman, 1983) , it is still possible that their conditions actually bring the cells to a critical cell cycle point when the cells are 'pluripotent'. Thus, while other inducers are rich enough nutrients to bring every cell in an asynchronous population to this critical point, ethanol may be too poor a nutrient source to accomplish this. Hence, a certain percentage of cells would remain ungerminated.
The possible lack of sufficient storage reserves in each cell of the population, or of the ability to utilize them, may also account for the fact that less than 100% of the cells formed germ tubes. Both trehalase and glucoamylase are induced by ethanol in Saccharomyces cerevisiae (Panek, 1962; Rambeck & Simon, 1972) and mobilization of glycogen does seem to correlate with germ tube formation in C. albicans . Wall lytic enzymes may also be required for germ tube formation (Ram et al., 1984; Sullivan et al., 1984) . Recent reports on proteases secreted by C. albicans (MacDonald, 1984; Samaranayake et al., 1984; Ruchel, 1984) have all emphasized their possible roles in the pathogenicity of C. albicans, but have not considered the possibility that the breakdown of cytoplasmic materials or wall glycoproteins may also be integrally involved in germ tube formation. We have yet to show a relationship between ethanol and mobilization of carbohydrate or nitrogen reserves in C. albicans, yet it would seem very likely that such mobilization is necessary for germ tube formation to occur. Carbohydrate reserves probably are necessary to supplement the small concentration of ethanol required to induce germ tube formation, and it is certain that all nitrogen must be obtained endotrophically as there is no exogenous nitrogen in the induction solution. Thus, differences in a certain percentage of cells in a population able to respond to ethanol may be attributed to differences in their endogenous reserves.
The basis of the requirement of bicarbonate for the effective induction of germ tubes by ethanol (Table 1) is not understood, especially since this requirement was eliminated if the cells were starved by incubating them in water at 20 "C for 24 h before induction (unpublished observations). There is a possibility that bicarbonate may be required for the metabolism of ethanol, or that it may increase the permeability of the cell membrane to ethanol, as has been suggested in the case of dimorphism in Mucor (Stewart & Rodgers, 1983) . It does seem unlikely, though, that bicarbonate is an initiator of dimorphism in C. albicans (Mardon et al., 1969) since it is not universally required.
While the pH values at which ethanol induced germ tube formation were considerably below those reported for other systems (Evans et al., 1975; Simonetti et al., 1974; Mitchell & Soll, 1979) , replacing ethanol with GlcNAc, proline or DMEM in our system gave similar results (unpublished data). Thus it would seem that the composition of the induction medium plays a major role in the sensitivity to pH.
The recent evidence that a metabolizable inducer is not required for germ tube induction (Sullivan & Shepherd, 1982; , prompted us to check if ethanol metabolism is required for germ tube induction. Our attempts to clarify this issue using pyrazole, an inhibitor of yeast ADH (Reynier, 1969) , were inconclusive. A concentration of pyrazole (1 mM) capable of inhibiting the lethal action of a low concentration of allyl alcohol, and presumably of inhibiting ADH, was found, suggesting the possibility that ethanol metabolism via ADH is not required. However, this inhibitory action of pyrazole could not be demonstrated in the presence of allyl alcohol in an ethanol-induced system, for unknown reasons. It is possible that sufficient ADH remained active in the presence of 1 mwpyrazole to metabolize whatever ethanol was necessary for germ tube formation. It is not possible to argue that higher concentrations of pyrazole were inhibitory because they more severely inhibited ADH, since imidazole, an isomer of pyrazole which does not counteract the effects of allyl alcohol, also inhibits germ tube induction (data not shown), presumably by a mechanism other than inhibition of ADH. However, even if ADH is not required for ethanol-induced germ tube formation, this only eliminates one route for ethanol metabolism. Alcohol can also be metabolized oxidatively by a microsomal ethanol oxidizing system in rats (Lieber & DeCarli, 1968) , and non-oxidatively by esterification with fatty acids (Lange, 1982) . Thus we cannot yet exclude the possibility that ethanol must be metabolized for germ tube induction to occur. The fact that increasing concentrations of ethanol did not result in significantly longer germ tubes might be explained by the fact that the endogenous nitrogen reserves limited the ultimate germ tube length.
Although propanol and butanol could also induce germ tube formation, the results would seem to indicate that the effect of ethanol is not due to a non-specific interaction with the cell membrane, as has been suggested for ethanol-induced dimorphism in Aureobasidium pullulans (Sevilla et al., 1983) , since methanol and other membrane-disturbing compounds were completely ineffective in inducing germ tube formation in C. albicans. As it is possible that methanol cannot be metabolized by C. albicans and thus germ tube induction would not be recognized, we did attempt to induce germ tubes with methanol in combination with glucose and other sugars and amino acids. No germ tubes were formed unless methanol was combined with an amino acid which could induce germ tubes by itself (data not shown). Thus, it appears that the ethanol effect in C. albicans is more specific than that thought to occur in A . pullulans.
